In recent years, the pyrolysis of preceramic organometallic compounds became of increased interest for the synthesis of new inorganic materials. The main objective of this process route is to build up novel materials from molecular units in order to design the material on an atomic scale. According to this process, preceramic polymers are synthesized from monomer units. After cross-linking of such precursors, the obtained preceramic networks will be transformed by pyrolysis into amorphous materials. Further increase of the temperature yields thermodynamically metastable and/or stable crystalline phases.
INTRODUCTION
In the process of the pyrolysis of preceramic compounds ( Fig. 1) proper monomer units are polymerized and cross-linked into organometallic preceramic networks. The networks are then subsequently pyrolized at elevated temperatures providing inorganic materials of great scientifical and technical interest. Since the first proposal of this concept by Chentrell and Popper (1) several research groups in Germany, USA, Japan and France have been working in this field. The achievements of these groups and the ongoing activities in the exploration of chemical synthesis routes for the production of proper preceramic networks, the controlled decomposition of the preceramics into inorganic materials as well as the characterization and technical aspects of many different materials have been reviewed in several articles (2-8). The idea behind the process of the pyrolysis of preceramic compounds is to build up organometallic polymeric chains of structural units of the ceramic materials. The goal is to synthesize the macromolecules at first and then to condense them at relatively low temperatures into inorganic materials.
Several aspects make this technique most attractive for the development of new materials and components:
1. With this technique one can produce amorphous materials eventually well away of those known from thermodynamic stable and most strongly stoichiometric compounds, with compositions not obtainable with common materials synthesis.
2. Because of the low mobility in predominantly covalent bonded materials the amorphous stage can be thermally stable to very high temperature before transforming into crystalline phases.
3.
One can control the thermal activation in the amorphous stage for material transport mechanisms. This gradually provides the means for the kinetic stabilization of less stable phases and microstructures with morphologies not possible by common material synthesis routes (e.g. melting or sintering). In these highly thermally activated processes, such sensitive features are lost when the activated system "falls down" to a low level of energy.
4.
Taking advantage of the various fabrication capabilities of polymer process engineering, components such as fibers, coatings, infiltration and complex-shaped bulk parts can mostly be produced in an easy manner.
It is the purpose of this paper to outline the general methods of the synthesis of ceramic materials via thermolysis of preceramic compounds. This outline will consist of general information taken from the literature with special consideration of our own results created by former collaborators at Hoechst AG and by the present research group at the PML.
PRECURSOR SYNTHESIS
Since the type of the backbone and the functional side chains of precursor molecules substantially influence the ceramic yield, chemical composition, and microstructure of precursor-derived ceramics a variety of different compounds has been investigated as starting materials. Figure 2 shows examples of the polymers which have been synthesized from monomers for the preparation of silicon carbide and silicon nitride-based ceramics as reviewed (2-8).
These polymers are characterized by a direct attachment of silicon to carbon and/or nitrogen. Boron-containing polycarbosilazanes (9-12), carbon containing polyborosilazanes understand the cross-linkage capabilities of the polymers, the reduction of mass loss during thermolysis and salt-free polymerization have been investigated for different reaction pathways. They are based on the either so-called "monomer route (M)" or the "polymer route (P)". The monomer route is characterized by the transformation of functionalized monomer units into a preceramic polymer (e.g. ammonolysis of Tris(methy1dic~~osilylethyl)bo~e 2) yielding the boron modified polysilazane 3M
Si-6-C-N ceramics
The polymer route is achieved by the functionalization of a polymeric precursor (e.g. hydroboration of polymethylvinylsilame 4): 1 4 3 P Using a co-ammonolysis of chlorosilanes and hydroborated dichloromethylvinylsilane the boron content can be varied within certain limits. An increase of cross-linkage was performed by the substitution of the Si-bonded methylgroups towards more reactive groupings using trichlmvinylsilane as the monomeric starting compound:
The reaction results in a highly cross-linked preceramic network and an increased ceramic yield. However, the separation of the polymer and NH&I is difficult.
The substitution of the Si-bonded methyl groups towards lower weight groupings as hydrogen essentially increases the ceramic yield. This reduces the shrinkage during thermolysis, which is of great importance with respect to technical application ( 
100%
The polymer route offers a very high output. The reaction is inexpensive and rapid and creates no waste. A point of even greater importance is that the ceramic yields of both 10M and 1OP are very high ( Fig. 3) as compared to the methyl substituted derivatives. In addition, the thermal stability of the derived ceramic is remarkable (Fig. 4) . 15 R' could either be H, C1 or methyl and R" is therefore H, (NCN)o.s or methyl. These reactions are not only inexpensive and rapid and have a yield of 100% but create no salts or waste, because methyltrichlorosilane, the only reaction product beside the borated polysilylcarbodi-imides 15 can be recycled easily (21,28).
Using excess 13, these reactions show sol-gel characteristics:
Excess bis(trimethy1silyl)carbodi-hide can be recycled. This reaction is the first non-oxide sol-gel process for the synthesis of Si-B-C-N ceramic precursors and offers a substantial potential for the production of precursor derived ceramics (28).
THERMOLYSIS
The reactions which occur during thermolysis are still not cleared up in detail. Figure 5 describes schematically the formation of ternary Si3NdSiC composites from cyclic oligosilazane. NMR studies (29) have shown that at temperatures below 500°C cross-linking by reactions like dehydrogenation between N-H and Si-H groups occurs. Between 500°C to 700°C. ceramization takes place and methyl groups split off yielding an amorphous silicon carbonitride. At temperatures higher than 900°C residual hydrogen is removed. 29Si and 13C solid state NMR studies were performed on a series of ternary silazanes after thermolysis of a commercial polyhydridomethylsilazane (PHMS, NCP200 of Chiosso Crop., Tokyo, Japan). The results at different temperatures revealed a short range order of the elements consisting mainly of tetrahedral SiC,Ny (x + y = 4) units and sp3-hybridized carbon. However, the short range order of silicon carbonitrides is directly correlated with the molecular structure of the polymer. This has been demonstrated in the case of the thermolysis of a commercially available polyvinylsilazane (PVS, VT50, Hoechst AG, Germany) which results in SiN4 tetrahedral units and sp2-hybridized carbon. Against this, the effect of boron on the reactions during thermolysis is not clearly understood. 
THERMOCHEMISTRY
For the development of Si-B-C-N materials the constitution of this system has been established (30). Using the CALPHAD method a consistent set of data has been calculated for this system. For the B4C phase, which crystallizes in the R 3 m spacegroup a thermodynamic model has been developed which allows the analytical description of the extended solubility range of this phase and the thermodynamic optimization of the B-C system. The other binaries have been re-optimized on the basis of the latest thermodynamic data known from literature. Since there are no extended stable ternary or higher component phases or ternary solid solutions known, a reliable extrapolation into ternary and quaternary compositions can be made. The only correction was to allow a restricted solid solubility of boron in Sic within the Si-B-C system. Figure 6 and Fig. 7 show the invariant five-phase equilibrium L + Si + Sic + B4C + BN at T = 1687 K calculated from the data set and an isothermal section at T = 1673 K with the four-phase equilibria important for materials development (3 l), respectively. Very valuable in this respect are phase fraction diagrams. These diagrams can be computed from the data set for each material composition of interest. Figure 8 shows the phase fraction diagram for the composition of 42.4 at.-% Si, 5.8 at.-% B, 25.5 at.-% C and 26.3 at.-% N. This composition is of interest for the development of silicon carbide -silicon nitride nano-nano composites as will be shown below. The thermodynamic modeling of the metastable amorphous state in order to describe in detail its transformation into the stable phases will be difficult. 
MICROSTRUCTURE DEVELOPMENT
As already mentioned, with thermolysis the preceramic polymer network w i l l be transformed into an amorphous stage. Nothing is known about the structure of quaternary amorphous. However, from wide and small angle X-ray and neutron diffraction measurements (32) as well as from solid state NMR it is known that there is a short range ordering with carbon and/or nitrogen tetrahedrally coordinated to silicon (29, 33).
With respect to boron it has been argued that it reveals a planar coordination (33). In a material placed to the tie line between carbon and silicon nitride into amorphous carbon and amorphous Si3N4, X-ray and neutron diffraction studies also reveal that ternary S i x -N materials are segregated into two amorphous phases (32). There are indications that the amorphous segregates agree in composition with that of the crystalline equilibrium phases. However, this suggestion needs further investigations before it can be generalized. Obviously the kinetics of the crystallization of the amorphous state is significantly influenced by the composition. Boron e.g. substantially retards the crystallization of amorphous Si-C-N materials (1534-36).
Depending on the boron content the amorphous stage is metastable up to 1800°C before it crystallizes into the stable phases (8, 34, 36) . It is interesting to note that with certain composition upon crystallization nano-sized silicon carbide and nanc-sized silicon nitride grains are formed which do not show noticeable grain growth even at temperatures as bigh as 1750°C. Boron-free ternary materials with similar composition in silicon, carbon and nitrogen crystallize at substantial lower temperatures (approx. 1350°C) by forming nano-sized silicon carbide embedded in micro-sized silicon nitride grains (Fig. 9) . The reason for this behavior appears to be the low mobility of boron during the formation of silicon carbide and silicon nitride giving rise to the formation of turbostratic grain boundary phase consisting of boron, carbon and nitrogen (Fig. 10) . 
PRECURSOR PYROLYSIS ENGINEERING
The production of precursor-derived ceramics takes advantage of highly developed polymer process engineering. Powders, fibers, coatings, bulk materials, infiltration and other lypes of preforms can be produced by techniques well known from polymer process engineering followed by a pyrolysis step (Fig. 11) .
Of special interest is the production of dense bulk material. This is not trivial, since the condensation reactions during pyrolysis are combined with the evolution of gases like H2, NH3 and cb. These species degas with the manufacture of fibers or coatings, i.e. with shapes which are thin in at least one dimension. In bulk material, however, such gases leave pores behind, which do not close during pyrolysis due to the bigh viscosity of the resulting material. In order to reduce porosity the compaction of the polymer powder was done at elevated temperature (28, 37) . Using this technique the porosity of as-pyrolyzed Si-B-C-N material could be reduced to less then 5%. depending on the temperature and the pressure applied (Fig. 12, 13 ). (Fig. 14) and the stress exponent is below one.
Coatings have been produced by dip coating substrates into precursor solutes and subsequent conversion into inorganics by pyrolysis (38).
Tknnogravimetric investigations of coatings based on amorphous SiC1.3N0,7B0.3 at 1400 "C in air confirm that the oxidation of a C/CSic substrate was almost totally prevented (Fig. 15) The producnon of SI-B-C-N ceramic fibers (Fig. 16 ) was realized by thermolysis (heating rate: 1.7 Kmix-l, 298 -1373 K) of polyme>c "green fibers" which themselves I were produced from concentrated thf solutions of hydroborated polymethylvinylsilazane by dry spinning processes. It has been shown that the diameter of the fibers obtained, directly depended on the concentration of the polymer solution and the rate of extension whereby increasing the latter was directly reflected in increased fikr diameters. The density of the as-obtained 1.
I
ceramic Si-B-C-N fibers was determined to be 2.5 g/cm3. The tension strength and the 
CONCLUSIONS
It has been shown that the preparation of Si-B-C-N ceramic composites from element organic polymers is a suitable method for the synthesis of high temperature stable materials. The polymer syntheses are realized on diffmnt reaction pathways (e.g dehydrogenation from hydriddazanes and borazine derivatives or by arnmonolysis of suitable boron containing chlorosilanes or chlorosilylaminodichomborane). A new class of Si-B-C-N precursors are boron containing polysilylcarbcd-imides which can be obtained from a non oxide sol-gel process of bis(aimethylsily1)carbodbimide and hydroborated vinylchlmsilanes. The advantage of this non oxide-sol gel process as compared to common methods (e.g. ammonolysis of chlorosilanes) is the significantly facilitated work-up. It has been shown that polymer solutions of boron containing polysilazanes of convenient viscosity am applicable for both, the production of oxygen resistant fibers and coatings. Moreover it has been determined that boron modified p o l y s i l y l c a r b d -i s are outstanding precursors for the production of dense bulk ceramics. The as-obtained preceramics are then transformed into amorphous ceramics by subsequent thermolysis. Depending on the structure of the amorphous state, which is still not known in detail, the metastable amorphous ceramics crystallize at higher temperatures into the thermcdynamically more stable crystalline materials. HR TEM investigations point to the fact that the diffusion controlled crystallization may be significantly hindered by a turbostratic B-C-N grain boundary phase between nanosized Sic and Si3N4 particles. This results in an unusual kinetic thermal stabilization of the amorphous state.
